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Examiner: Cynthia Collins 
Art Unit: 1638 

DECLARATION UNDER 37 C.F.R. SI. 132 
BY PEGGY LEMAUX. Ph.D. 



1 . I, Peggy Lemaux, Ph.D., am a Cooperative Extension Specialist at the University 
of California, Berkeley and am currently the Director of the University of California 
pivision of Agriculture and Natural Resources Biotechnology Workgroup. I am a co- 
inventor of the subject matter of the above-referenced patent application. I have worked 
in the field of plant genetics for over 15 years. 



2. I hold a Ph.D. from the University of Michigan, which was conferred in 1977. I 
have authored over 65 publications relating to microbial and plant genetics and molecular 
biology. A copy of my curriculum vitae is attached as Exhibit 1. 
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I have read and am familiar with the contents of the above-referenced patent 



application and claimed subject matter. It is my understanding that the Examiner has 
rejected the claims as allegedly unpatentable over the prior art. In particular, the 
Examiner believes that the invention is obvious over the combination of various prior art 
publications, of which the primary references are McElroy et al. "Development of a 
simple transient assay for Ac/Ds activity in cells of intact barley tissue' 1 The Plant 
Journal 11:157-165, 1997), Wan et al ("Generation of Large Numbers of Independently 
Transformed Fertile Barley Plants" Plant Physiol 104:37-48, 1994), and Bancroft et al 
("Development of an efficient two-element transposon tagging system in Arabidopsis 
thaliana" Mol Gen. Genet. 233:449-461, 1992). The Examiner alleges that the success 
of Wan et al. in transforming barley, the success of McElroy et al in demonstrating Ac 
transposase-mediated excision of Ds in barley cells, and the use of the Ac/Ds transposase 
for stable transformations in a number of other systems, e.g., Arabidopsis, would lead one 
in the art to use the system in barley with a reasonable expectation that it would work in 
barley. 

4. This declaration is submitted to provide further evidence that prior to Applicants' 
invention, one of skill could not reasonably expect the Ac/Ds system to generate stable 
transformants in barley, i.e., transformants in which the transposable element can be 
reactivated and reinsert into the genome, because of certain characteristics of the barley 
cell and genome, e.g., the amount of methylation and gene silencing. 

5. The claims under prosecution are drawn to plants containing an Ac or Ds 
transposon stably integrated into the genome and methods of transforming plants using 
the Ac/Ds system. The transposons in the claimed barley plants can be excised and 
reintegrate into the genome in the presence of a transposase enzyme. Although stable 
integration in barley plants has been obtained using other transformation systems, such as 
that taught by Wan et ai 9 it has been very difficult for those in the art to generate barley 
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transformation systems based on the Ac/Ds system, even though it has been used in many 
other plants. In order for the Ac/Ds system to provide usable stable transformants in 
barley, the elements must be introduced into plants and stably integrate into the genome. 
That is, they must not be subject to rearrangement, deletions, etc. over time. Further, 
they must retain their ability to transpose i.e., the transposase must not be silenced and 
the recognition sites not be methylated or changed in sequence; and the Ds elements must 
retain the ability to be re-insert into the genome. 

6. Prior to our invention, it was unknown whether such conditions could be met in 
barley. Instability of gene expression and gene silencing are believed to be due, at least 
in part, to methylation. The barley genome is known to be highly methylated. It was not 
known whether the architecture of the highly methylated genome would permit high 
levels of re-insertion of transposons. Further, as explained below, frequent methylation 
of foreign sequences has been demonstrated in barley and has been shown to frequently 
lead to instability and/or gene silencing. Accordingly, one could not predict whether the 
methylation status of barley would provide for stable, active Ac/Ds integration and re- 
integration. 

Instability of foreign sequences in barley 

7. McElroy et al teach a transient, transgene introduction system that shows that a 
Ds transposable element can be excised from a reporter plasmid in barley cells in the 
presence of Ac transposase activity from an Ac transposase gene introduced via 
bombardment at the same time. However, transposable elements can undergo deletions, 
internal rearrangements and/or methylation-mediated inactivation converting an active, 
movable element into an element incapable of movement. Critically, the reference is 
silent on whether the excised Ds elements could re-integrate into the barley genome, a 
feature vital for effective transposon tagging or gene delivery. 
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8. It has long been known that barley is highly methylated and that methylation 
plays a role in instability of foreign sequences in barley. In an exemplary study, Rogers 
& Rogers {Plant MoL Biol 18:945-961, 1992, submitted herewith as Exhibit 2) tested the 
effect of methylation of foreign DNA on its stability after introduction into barley plants. 
The investigators noted that foreign DNA could be introduced into barley cells. Further 
the foreign DNA persisted through at least two plant generations. However, they pointed 
out that this persistence was not equivalent to stable transformation and that the DNA 
was frequently rearranged or lost in subsequent generations. They attributed the 
instability, at least in part, to methylation. They further noted that cereals have an 
unusual genome organization where structural gene sequences are very GC-rich. 
Methylation systems that are endogenous to barley are in part dependent on the GC-rich 
nature of the genome. Foreign sequences, however, do not share this feature. They 
demonstrated that foreign sequences were methylated in a specific pattern that was 
distinguishable from the methylation pattern of the highly GC-rich barley sequences and 
concluded that the foreign sequences could therefore be easily distinguished from 
endogenous sequences and thus preferentially inactivated. 

Loss of activity in barley 

9. Inactivation of foreign sequences by methylation may lead not only to direct 
instability and loss of a sequence from the genome, but may also lead to lack of activity 
of the encoded protein or compromise the ability of the introduced sequence to perform 
its function. Gene silencing is thought by those in the art to be due to methylation of 
regulatory sequences or, in some cases, the coding sequences of genes. Thus, 
methylation may silence expression of a gene, for example, mAc transposase gene or a 
transposition cassette associated with aDs element. Further, methylation can lead to 
direct inactivation of transposition, for example, by preventing a Ds element from stably 
integrating and retaining the ability to reinsert into another region of the genome in the 
presence of transposase activity. Lastly, it is also believed that the inverted repeats in the 
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Ds elements, needed for recognition by Ac transposase and transposition, can trigger 
methylation-induced silencing that prevents re-activation of Ds. Thus, methylation in 
barley could also result in gene silencing. 

10. Not only is the ability of the Ds element to re-insert important for transposon 
tagging and expression, it is also important in the generation of plants in which it is 
desirable to lose the transformation vector or selectable marker sequences. The latter 
capability can be used to obtain integration of a transgene contained within Ds inverted 
repeat ends at a position unlinked to the site at which the transformation vector originally 
integrated. This means that in subsequent generations, plants may be obtained that 
contain only the Ds inverted repeat ends and the inserted transgene of interest and not the 
other nucleic acid sequences contained in the original transformation vector. Retaining 
the activity of the transgene of interest and its ability to relocate under the control of Ac 
transposase requires that expression persist through multiple generations. 

Conclusion 

1 1 . Thus, even though McElroy et al showed in a transient assay system that Ac 
transposase is active in barley and can excise a Ds cassette bearing the inverted repeats 
and a transgene of interest from plasmids that are transiently introduced into barley, there 
is no teaching or suggestion that Ds can excise and then re-integrate in subsequent 
generations in the presence of transposase activity. Further, neither Wan et al. nor 
Bancroft et al provide any teaching or suggestion that the Ds element will be able to 
reintegrate in the highly methylated barley genome or will not itself become methylated 
and incapable of excising or reintegrating in a stably transformed barley cell. 



12. Therefore, for the reasons provided above, one of skill in the art, at the time the 
application was filed, would not have been able to use the Ac/Ds transposon system in 
barley with a reasonable expectation of success for obtaining barley plants containing an 
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Ac or Ds transposon stably integrated into the genome where the Ds element can excise 
and reintegrate into the genome in the presence of transposase. 

13. I further declare that all statements made herein of my knowledge are true and 
that all statements made on information and belief are believed to be true; and further that 
+these statements are made with the knowledge that willful false statements and the like 
so made are punishable by fine or imprisonment or both (18 U.S.C § 1001), and may 
jeopardize the validity of the patent application or any patent issuing thereon. 

Date: By: 

Peggy Lemaux, Ph.D. 
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Abstract 

We developed a system using 'passive' reporter genes driven by aleurone tissue-specific promoters to test 
the effect of methylation of foreign DNA on its stability after introduction into barley plants. The for- 
eign DNA was introduced into barley cells and was able to persist through at least two plant genera- 
tions. Transformation of barley cells was defined by showing initiation of transcription at the proper site 
on the barley promoter for the chimeric gene in aleurone tissue from both a primary transformant and 
its progeny, and by tissue-specific expression (aleurone >lcaf) in the progeny. This persistence through 
many multiples of cell division is formally equivalent to transformation, regardless of whether the DNA 
was chromosomally integrated or carried as an episomc, but did not necessarily represent stable inte- 
gration into the genome since the foreign DNA was frequently rearranged or lost. The foreign DNA was 
most stable when plasmid DNA used in transformation lacked dA methylation but had complete 
methylation of dC residues in the CG dinucleotide at Hpa I! sites; dA methylation alone was associ- 
ated with marked foreign DNA instability. Our results are consistent with the presence of a previously 
undefined system in barley that identifies DNA lacking the proper methylation pattern and causes its 
loss from actively dividing cells. These results may be important when applied to different strategies using 
selectable markers for cereal transformation. 



Introduction 

Stable transformation of monocotyledonous 
plants, notably the agriculturally important cere- 
als, has been difficult to achieve (reviewed in [30]). 
This has been puzzling because a number of dif- 
ferent reports indicate that it may not be difficult 
to transfer foreign DNA into cereal plants where 
it is, at least transiently, expressed. For example, 
Grimslcy et ai [14] demonstrated that Agrobac- 



terium can readily transfer the DNA for maize 
streak virus into maize seedlings, where it is tran- 
scribed to produce infectious virus; similar results 
were obtained with other cereals [6]. Other work- 
ers have assayed the production of a specialized 
class of amino acids, opines, that are synthesized 
in plant cells by genes transferred from the Agro- 
bacterium Ti plasmid, and concluded that Agro- 
/wc/eriw/H-mediated DNA transfer to maize cells 
occurred when those bacteria were inoculated into 



946 



wounded tissue on seedlings [ 13]. In spite of these 
observations, only cultured rice tissue has been 
permanently transformed by Agrobacterium- 
mediated DNA transfer [31]. The apparent con- 
tradiction between ready transfer of DNA but 
poor results with permanent transformation has 
not been explained, although theories have been 
proposed [30]. 

Other approaches have suggested that it may 
be relatively easy to achieve transfer of foreign 
DNA into cells in mature [29] or developing [9] 
floral parts of maize and rye respectively. In the 
former reference, DNA from a donor maize line 
with one kernel phenotype was mixed with pollen 
from a second, recipient maize line and applied to 
the recipient plant's silks. Uptake and expression 
of the donor DNA was assessed by visually scor- 
ing the phenotype of the resulting kernels; it was 
concluded that as many as 9% of the resulting 
kernels expressed the exogenous DNA [29]. This 
interpretation has been criticized because no mo- 
lecular techniques were used to corroborate the 
results, and attempts to use markers on exogen- 
ous plasmid DNA in similar approaches have 
been unsuccessful [30]. In the second example, 
plasmid DNA carrying a bacterial gene for kana- 
mycin resistance under control of the nopalinc 
synthase promoter was injected into developing 
tillers of rye plants in an attempt to get uptake of 
the DNA into cells that later would participate in 
pollination and formation of transformed grains 
[9]. From ca. 3000 resulting grains, three plants 
were obtained that grew in the presence of kana- 
mycin, expressed the aminoglycoside phos- 
photransferase enzyme activity in* leaf tissue, and 
had appropriately hybridizing restriction frag- 
ments in genomic DNA as assessed on Southern 
blots [9]. The authors' conclusion that these 
plants were transformed was questioned because 
no transmission to progeny was demonstrated, 
and because others have not been able to repro- 
duce the results with other cereals [30]. 

Our results, presented below, provide an ex- 
planation on the molecular level why both DNA 
transferred from Agrohacterium and other plas- 
mid DNA might be unstable in cereal cells. These 
experiments grew out of our attempt to reproduce 



the results of de la Pefla et al. [9] in barley. We 
constructed 'passive' reporter genes for transfor- 
mation experiments, where the promoters were 
taken from two barley a-amylase genes [18, 34] 
that are expressed at high levels in the aleurone 
layer of the grain endosperm. These promoters 
were placed in front of two different coding se- 
quences: one, that for the sweet-tasting plant pro- 
tein thaumatin [11], and the other, that for 
Escherichia coli ^-glucuronidase (GUS) [ 17]. Our 
strategy was to inject plasmid DNA carrying one 
of these marker genes into a developing tiller of 
a barley plant, then harvest the grain that was 
produced from the tiller and screen bits of aleu- 
rone tissue from each seed for expression of the 
appropriate marker. If a putative positive was 
identified, the embryo from the same grain was 
germinated and Southern blot analysis of DNA 
from the resulting plant was performed. A posi- 
tive hybridization result was taken to indicate a 
probable transformant; we tested a total of 2400 
seeds and obtained 22 positives by that criterion 
(S.W. Rogers andJ.C. Rogers, unpublished data). 
We found, however, that the GUS construct 
DNA was rapidly lost from the growing plant, 
while the thaumatin marker DNA was more likely 
to persist in new growth on the plant and to be 
transmitted to the second generation. 

These confusing results led to the work de- 
scribed below. Here we demonstrate that the for- 
eign DNA is in barley and not in a contaminat- 
ing microorganism, as judged by proper initiation 
on the foreign gene promoter and by preferential 
expression of the foreign gene in aleurone as com- 
pared to leaf tissue. We prospectively study and 
identify specific structural features of the trans- 
forming DNA that greatly affect stability within 
the plant. Our experiments show that the pres- 
ence of N-6 methyladenine on the transforming 
plasmid DNA was associated with much more 
rapid loss of the DNA from new growth on the 
plant, while the absence of N-6-methyladenine 
coupled with methylation of C residues at CG 
dinucleotides greatly increased the stability of the 
same plasmid, and allowed transmission into the 
second generation, with persistence of the DNA 
in those plants. 
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These results, coupled with recent data that 
maize genomic DN A carrying three copies of an 
integrated kanamycin resistance gene is highly ef- 
ficient in transforming maize suspension culture 
protoplasts [3], suggest that cereal cells have the 
ability to discriminate between foreign and 
genomic DN A, and act to delete the foreign DN A. 
The mechanism through which this recognition/ 
deletion system works must involve, at least in 
part, analysis of methylation patterns on the for- 
eign DNA, since our results demonstrate that the 
state of methylation of the transforming DNA is 
a major determinant of its stability within the 
plant cells. 

Materials and methods 

General methods 

Methods for construction, cloning, and analysis 
of recombinant DNA products have been 
described previously [18,38]. Southern blots 
were prepared by transfer onto Biotrace RP 
membrane (Gclman, Ann Arbor, MI) according 
to the manufacturer's directions and hybridized 
as before [18]. Preparation of total cellular 
RNA from alcurone and leaf tissues, and primer 
extension with reverse transcriptase were per- 
formed as described [32]. Amplification of spe- 
cific cDNAs from the primer extension reaction 
was performed using the polymerase chain reac- 
tion (PCR)[12]. 

Barley miniprep DNA purification 

For analysis of plants grown from seeds selected 
as possible positives in one of the screens, the 
second tiller from each plant was removed when 
it was judged to be 1-2 g in size and weighed. 
Miniprep DNA was prepared according to Del- 
laporta et ai [10] and resuspended for use in 
1 mM EDTA pH 7.4 where the final volume 
of buffer was adjusted to 100 /il for each gram 
of tissue used. We assumed that the final con- 
centration of DNA was approximately 1 mg/ml. 
Control DNAs were prepared from untrans- 



formed plants grown alongside the test plants. 
Restriction digests routinely used 10 /il of a DNA 
sample per incubation. 

Recombinant marker genes 

The fidelity of all coding sequence fusions was 
confirmed by sequencing. The final construct used 
in these experiments, J R2 14, was combined from 
the following two individual constructs. 

JR083. The 1.6 kb promoter/upstream se- 
quence from the low-pi a-amylase gene, Amy32b 
[38], extends from the 5' Hind 111 site to a 
Bam HI linker introduced into the Bss Hll site 
immediately preceding the ATG translation start 
codon; this promoter cassette is identified as 
JR020. 

JR073. The Hinc l\-Hind III fragment from 
plasmid pUR528 [11], encoding prothaumatin 
minus codons for the first 7 N-terminal amino 
acids was ligated into the corresponding Hinc II- 
Hind III gap in the PAPI cDNA [23]. This con- 
struct, JR073, carries the 5' untranslated se- 
quence (with a unique Bell site immediately 
preceding the ATG start codon) and coding se- 
quence for the signal peptide and first 7 amino 
acids of the mature form of PAPI fused to the 
sequence for prothaumatin beginning with the 
codon for residue 8. The 3' untranslated/po!y(A) 
addition sequences from Amy32b, as an Nsi I 
(blunt-ended with T4 DNA polymerase)-////*d III 
fragment was ligated into the blunt-ended Fok 1- 
Hind III interval of JR073; the Hind III site was 
converted to a Sac I site with a linker. This inter- 
mediate, on a Bam Hl-Sac I fragment, was in- 
serted into the pUC18 polylinker and transformed 
into a dam~ strain of E. coli. The Amy 3 2b 
upstream/promoter sequence, as a Hind III- 
Bam HI fragment from JR020, was then inserted 
into the Hind \W-Bcl I interval to complete JR083 
in plasmid pUC18. 

JR133. The ca. 2.0 kb 5' fragment from the 
high-pl a-amylase gene, Amy6-4 [18], extending 
from a Hind III site through the upstream/ 
promoter and signal peptide coding sequences to 
a blunt-ended Eco NI site was ligated to the poly- 
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linker Sma I site of pBI121 [17]. This provided 
an in-frame fusion between the 28 N-terminal 
amino acids from Amy6-4 and GUS. The 3' 
untranslated/poly(A) addition sequences from 
Amy6-4 on a ca. 200 bp Sac 1-Hind III fragment 
were hgated to the 3' Sac I site of the GUS se- 
quence, and the completed construct, on a ca. 
4. 1 kb Hind III fragment, was carried in the poly- 
Imker G f the 3.2 kb plasmid, Bluescribe( + ) 
(Stratagene, San Diego, CA). 

JR214. A partial Hind III digest of JR133 was 
blunt-ended with Klenow fragment and religated. 
A resultant clone was identified where the 5' Hin- 
d III site had thereby been converted to an Nhe I 
site; this intermediate had an intact polylinker at 
the 3' end. The Hind III-£coRI fragment from 
JR083 was transferred to that position to give the 
two marker genes tandemly arranged on the same 
plasmid. This construct is shown in Fig. 1. 

In jection of barley tillers 

Seeds from H. vulgare L. cv. Himalaya, 1985 
crop, were obtained from the Agronomy Club, 
Washington State University, Pullman, WA. 
Plants were kept in the Biology Department Plant 
Growth Facility, either in a greenhouse or in a 
growth chamber; the temperature was maintained 
at 10 °C overnight, 18 °Cfor the day, with a 14 h 
photoperiod. Tillers were injected at a develop- 
mental stage when they had 5 leaves and when the 
developing inflorescence could be palpated be- 
tween the third and second leaves (from the top); 
this corresponded to a time 1-2 weeks before 
anthesis. In collaboration with Dr Preben Bach 
Holm at the Carlsberg Laboratories, Copen- 
hagen, the development of anthers from 5 floral 
nodes removed at this stage was determined cy- 
tologically. Anthers in each spike were essentially 
synchronous in their development. The mi- 
crospores in every instance were at a stage cor- 
responding to a time preceding or at the first post- 
meiotic mitosis (P.B. Holm, S.W. Rogers, and 
.'•C. Rogers, unpublished data). DNA entering 
microspores at this stage therefore would be 
transmitted to both endosperm and embryo, but 
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1 .. ,« a8ram JR2K The ca - 67 kb inserl - c °"Pri«>d of 
the JR133 construct (between Nhe I (N) and Hind III (H) 

sites), and the JR083 construct (between Hind III and Fco RI 
(E) sites), was placed in the polylinker ofpBS + (Stratagene) 
as described in Materials and methods. The solid horizontal 
line in JR133 represents 5' and 3' sequences from the high- 
pl-barley a-amylase gene, Amy6-4. while the dashed horizon- 
al line in JR083 represents 5' and 3' sequences from the 
low-pi- a-amylase gene, Amy32b. The JR133 solid box rep- 
resents a-amylase coding sequence fused in frame to the GUS 
sequence (cross-hatched box). The JR083 double cross- 
hatched box represents PAPI coding sequences fused in frame 
to i the coding sequence of thaumatin (box with vertical lines) 
The posnion of transcript initiation for each of the a-amylase 
promoters » indicated by the horizontal arrows above the two 
constructs. Also above the constructs arc three boxes that 
represent the position of probes used for hybridization G" 
specific for GUS; - A \ specific for the Amy32b promoter/' 
upstream sequence; T specific for thaumatin. Symbols above 
those letters (star, circle, and square, respectively) correspond 
to those used ,n F,g. 2. The thick horizontal line below the 

I h^Tp n r CM " S1 " rCPreSCmS l ' 1C V™ 1 ™ ***** c"d- 
labclcd Bel fragment used in SI nuclease protection assays 

"o delect transcripts from the GUS gene (sec Fig S) The 

arrow below the line indicates the position of the reverse tran- 

senptase primer, and the two arrowheads represent the posi- 

lion of PCR primers used in Fig. 6. 

we do not have any information regarding the 
actual cell type that was transformed. A portion 
of 300 ii\ of plasmid DNA purified by CsCI band- 
ing and exclusion chromatography through an 
Agarose A50M (BioRad) column, 100i<g/ml in 
0.1 mM EDTA pH 7.4, was injected with a stan- 
dard tuberculin syringe into the hollow space in 
the stem immediately above the inflorescence 
Care was taken not to contact the inflorescence 
with the needle; otherwise the inflorescence died 
Grains developing from injected tillers were har- 
vested when they were completely dry (about 5-6 
weeks after anthesis).- These were catalogued by 
placing each grain in an individual well of a 96- 
well microtiter dish. 



Screening method to detect GUS activity 

The tip of each grain opposite the embryo (about 
1 /4 the volume of the grain) was cut off and placed 
in an identical position in a duplicate microtiter 
dish. The remainder of each grain was returned 
to its catalogued well and saved for use if neces- 
sary for germination and growth of a plant. Grain 
ends were sterilized by washing for 1 min in 70% 
elhanol, then for 20 min in 0.2% AgN0 3 , then 
were allowed to dry in a sterile tissue culture hood. 
To each well was then added 100 /il of incubation 
buffer: 20 mM sodium succinate pH 5.2, 10 mM 
CaCI 2 , 10'^M GA V 50 /ig/ml carbenicillin, and 
125 ng/ml amphotericin B. Plates were incubated 
at room temperature in a humidified atmosphere 
for 2 days; under these conditions the aleurone 
layers vigorously secreted a-amylase. The incu- 
bation medium was then removed, and 25 \i\ of 
homogenization buffer (50 mM sodium phos- 
phate pH 8, 10 mM EDTA, 0.1% NP40, 0.1% 
sarkosyl, 1 mM phcnylmcthylsulfonyl fluoride 
(PMSF) containing 1 mM 4-mcthylumbellifcryl 
//-D-glucuronidc (MUG; Sigma Chemical Co, St. 
Louis, MO) was added to each well. Each seed 
end was homogenized in its well with a teflon 
pestle until the aleurone was thoroughly broken. 
One hundred /il more of the same buffer was 
added to each well, and the samples were incu- 
bated overnight at room temperature. The con- 
version of MUG to its blue fluorescent product 
was assessed by removing 50 \x\ from each well 
and transferring each to identically positioned 
wells in a fresh microtiter dish. The contents of 
each well were then alkalinized by adding 5 /il of 
2 M NaOH, mixed gently, and viewed on a long 
(>300nm) wavelength UV light. Samples from 
negative controls showed no fluorescence; puta- 
tive positive transformants were identified by 
visualizing blue fluorescence in the assay sample. 
The corresponding half grain containing the un- 
disturbed embryo was then planted for subse- 
quent Southern blot analysis. In previous work 
(summarized in the Introduction) where the 
JR133 construct was used for injection, the fre- 
quency with which a positive Southern blot was 
obtained from seeds screened as positive was 
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similar to that shown below for construct 214 
(data not presented). This suggested that our 
screen was likely to identify most seeds that car- 
ried the reporter DN A. To test this prospectively, 
96 seeds from tillers injected with construct J R 1 33 
were planted without being first screened with the 
seed end GUS assay. Southern blots were done 
on DNA obtained from the 61 plants that germi- 
nated; one was positive. We therefore concluded 
that plants carrying the foreign DNA were present 
in an unselected population at a frequency (ca. 
1%) that was not different from that determined 
with the screening plus Southern blot analysis 
strategy, and that the screening procedure (the 
seed end GUS assay) greatly increased the like- 
lihood that a positive Southern blot would be 
obtained. For those reasons we believe that the 
screening strategy described here is a valid and 
unbiased approach to detect most of the plants 
that would carry the foreign DNA constructs de- 
scribed below. 

Results 

Experimental approach 

We previously had used two different marker 
genes, those for thaumatin and for GUS; since in 
those experiments, as individual constructs, they 
seemed to have different stabilities in barley (data 
not shown), we placed them in tandem on the 
same plasmid for the experiments described here 
so that they could be compared directly. A sche- 
matic diagram of the final construct carried in 
pUC19 (designated JR214) is shown in Fig. 1. 
For each experiment, Southern blots of DNA 
from transformed plants were probed consecu- 
tively with three different probes specific for three 
different parts of the construct; these are indi- 
cated by k G' (590 bp at the 5' end of the GUS- 
coding sequence), 4 A' (540 bp of the Amy32b pro- 
moter and 5' mRNA untranslated sequence), and 
'T (640 bp of thaumatin sequence). The 4 A' probe 
was used because it is a single copy sequence in 
the barley genome [18] and allowed us to com- 
pare the intensity of hybridization of the foreign 
DNA to a single-copy internal control. Although 
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the restriction fragments used to generate each of 
these probes were gel-purified, each of the probes 
appeared to cross-hybridize to some extent to the 
pUC19 vector sequences as assessed with inter- 
nal control lanes containing control barley DNA 
spiked with added plasmid DNA. This is dem- 
onstrated, for example, in Figs. 3B and 3C (lanes 
marked C + P) where the T and 4 A' probes re- 
spectively appear to hybridize strongly to the ex- 
pected 2.5 kb fragment as well as to the 7.2 kb 
fragment carrying the GUS and plasmid se- 
quences. Nevertheless, it is clear that these probes 
provide a clear separation between fragments in 
barley DNA that carry 'G' sequences and those 
that carry the fc T or *A' sequences. This is clearly 
shown for the *T probe in Fig. 3A as compared 
to Fig. 3B, and for the 4 A' probe in Fig. 3C as 
compared to Fig. 3D. In each instance, the 'G' 
probe hybridized to a 7.2 kb fragment (Fig. 3A, 
lane 1H11, and Fig. 3D, lane 1H11-1), while the 
4 T probe (Fig. 3B, lane 1H 1 1) and the fc A' probe 
(Fig. 3C, lane 1H 1 1-1) did not. Thus, while we 
cannot formally exclude that any one probe might 
cross-hybridize to some extent to accompanying 
plasmid sequences present in the barley DNA, 
the specificity of hybridization demonstrated here 
allows us to make reasonable assessments as to 
the presence or absence of one or the other se- 
quences. 

In attempting to explain the difference in sta- 
bility previously observed between the two marker 
genes, we noted that the very unstable GUS 
marker maintained the methylation phenotype 
characteristic of plasmid DNA, while the thau- 
matin marker showed some loss of N-6 methy- 
ladenine and apparent acquisition of some deox- 
ycytidine methylation at CG dinucleotides, as 
judged by digestion with methylation-sensitive re- 
striction enzymes (data not shown). For that rea- 
son, we designed the present experiments to test, 
in a prospective manner, whether the state of 
methylation of plasmid DNA used for injection 
influenced either the transformation frequency or 
the stability of the foreign DNA once it was 
present in the plant. We conducted a series of 
consecutive experiments where plasmid DNA 
with one modification was injected into barley 



tillers, and seeds developing from self-pollination 
on those tillers were collected and screened. At 
that time, new plants were injected with the next 
construct while the first seeds were being ana- 
lyzed. This ensured that only one plasmid DNA 
was being used for injection at any given time. As 
plants germinated from grains selected by the flu- 
orescent GUS activity screening test, the primary 
tiller was left undisturbed but secondary tillers 
were removed in the order they appeared when 
they contained ca. 1 g tissue and used for DNA 
analysis. The results of Southern blot analysis for 
each experiment are presented in graphic form in 
Fig. 2, with specific numerical analyses in Table 1 . 
Specific examples of Southern blot results are 
shown in subsequent figures. 



Effects of methylation of A and C residues 

Table 1A summarizes the methylation patterns 
for the four variations tested. Construct 214 rep- 
resents the plasmid as purified from a standard 
laboratory strain of £. coh\ where the DNA had 
N-6 methyladenine in each G ATC sequence (dam 
methylation) and 5-methyldeoxycytidine at the in- 
ternal C of the sequence CCA/TGG (dan meth- 
ylation). Plasmid 214A was isolated from an 
E. coli strain deficient in dam and dan methyla- 
tion; 214AM represents this plasmid methylated 
in vitro on the internal C of the sequence CCGG 
with Hpall methylase, while 214A-dam repre- 
sents the plasmid methylated in vitro with Dam 
methylase. Figure 2 presents the Southern blot 
hybridization results so that both the frequency of 
transformation, $s well as the stability of the for- 
eign DNA within the plant can be visualized for 
each variant. The presence of a symbol means 
that a blot was probed with that particular probe: 
square = thaumatin (T\ Fig. 1), star = GUS (*G\ 
Fig. 1), circle = Amy32b promoter ( 4 A\ Fig. 1). 
Open symbols mean that the results were negative 
while closed symbols represent a positive result. 

214: dam and Hem methylation. It can be seen 
that 5 of the 9 plants studied for 214 transforma- 
tion gave a positive signal with at least one probe 
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Fig. 2. Summary of Southern hybridization results for plants 
transformed with plasmids carrying different methylation pal- 
terns. The methylation phenotypes of constructs 214, 214A, 
and 214AM are detailed in Table I. Hie number/lctler codes 
under each construct number refer to putative positives from 
the aleuronc tissue GUS assay whose embryos were germi- 
nated to give plants for Southern analysis: under 214AM, the 
second set of numbers (beginning 2C3. 1 1 ) represent 8 prog- 
eny plants that germinated from 10 grains from the primary 
tiller of the 214AM transformant, 2C3. Tiller samples 1 refers 
to tillers removed sequentially from a plant for DNA prepa- 
ration; note that the primary tiller of each plant was not dis- 
turbed, so that No. 1 refers to the first tiller that appeared after 
the primary tiller. Symbols under Tiller samples* designate 
results obtained from Southern blot hybridization with the 'T 
probe (squares). *G' probe (stars), and 'A' probe (circles). The 
presence of a symbol means that hybridization with that probe 
was performed: a solid symbol indicates a positive result while 
an open symbol means that no specific hybridizing band was 
delected. Usually a single Southern blot was hybridized 



Table I. Methylation patterns. 
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1 Plasmids with different methylation patterns were prepared 
as follows: 214 was prepared from E. coli strain DH5a (Be- 
thesda Research Laboratories). 214A was prepared from 
strain GM2929 (</<//»- 13::Tn9 dvm-b hsdKl recFW McrA- 
McrB-) [2 1], generously provided by Dr Martin Marinus of 
the University of Massachusetts, Worcester. MA. The ab- 
sence of dam and dan methylation was confirmed by di- 
gesting with Mbal and ftwKII, respectively. 214A was 
methylated with Hpa II methylase, while 2l4A-dam was 
methylated with Dam methylase (both enzymes from New 
England Biolabs); completeness of methylation was docu- 
mented by the absence of delectable digestion with Hpa II 
and Mho I respectively. 

The table presents, on the diagonal, the total number of 
transformants as assessed by Southern analysis/total num- 
ber of grains screened for each construct; if DNA samples 
from the first two tillers tested did not show hybridization 
with one of the probes, the plant was scored as negative. To 
the right of the diagonal are p values that statistically com- 
pare results with two different constructs. Comparison was 
made using Fischer's Exact Test from the SAS software 
package (release 6.06) carried in the Washington University 
Medical School VAX computer system. Results are for 
two-tailed analyses, except in comparisons with 214A-dam 
where comparisons were one-tailed. Comparisons where 
p < 0.05 are in bold type underlined; one comparison ap- 
proaching this level of significance is in plain type under- 
lined. 



sequentially with each of the three probes; after autoradiog- 
raphy, the blot was stripped prior to hybridization with a 
subsequent probe. 
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in DN A samples from one of the two first tillers 
studied; in three, only the thaumatin-specific 
probe hybridized. In growth subsequently tested 
(tiller samples 3 and 4), no detectable hybridiza- 
tion was obtained with any of the three probes. 
These results suggest that the foreign DNA per- 
sisted for a limited time in actively dividing mer- 
istematic tissue, but that it was progressively lost 
as this population of cells expanded. Thus tillers 
that grew out later were found not to have the 
sequences. This hypothesis is supported by data 
(below) demonstrating that the copy number of 
the foreign DNA sequences can change, as well 
as by expression data (also below) that argue 
strongly the foreign DNA is within barley itself. 

214 A: no methylated nucleotides. The 214A plas- 
mid DNA, which lacked all methylation, gave a 
transformation frequency that was not different 
from that obtained with 214 (/? = 0.39); interest- 
ingly, none of the positive DNA samples hybrid- 
ized with the GUS probe, and, as with 214, sub- 
sequent growth on the plants was found to lack 
hybridizing sequences. Since subsequent varia- 
tions used this same 214A DNA that was meth- 
ylated /*// vitro to introduce methyl groups at spe- 
cific sites, these results provide a basis upon which 
the effect of such modifications can be assessed. 

214AM: Hpa// methylation. When 214A DNA 
was first methylated in vitro with hpa II methylase 
and then used for transformation, a significant 
increase in transformation frequency was ob- 
served when compared to the results obtained 
with 214 (/> = 0,037, Table 2B), but was not dif- 
ferent from the results with 214A (p = 0.23). Im- 
portant differences were observed with respect to 
the stability of the foreign DNA sequences, how- 
ever. As can be seen in Fig. 2, all of the 6 plants 
tested by Southern hybridization were positive 
when the first two tillers were analyzed, and, in 
contrast to results with 214 and 214A, hybridiz- 
ing sequences persisted in most of the tillers that 
were subsequently assayed. 

Figure 3 presents Southern blot hybridization 
results from which data in Fig. 2 were derived. In 
each case the DNA was digested with a combi- 



A. B. 




/■>*..*. Hybridization to UNA samples from plants trans- 
formed with 214AM. Numbers to the left oflhc panels repre- 
sent the positions of ////id II] + Eco RI digested fragments of 
bacteriophage A DNA visualized on the cthidium bromide- 
stained agarose gel prior lo transfer; numbers to the right re- 
present the position of the plasmid + 'G'-hybridizing 
sequences (7.2 kb) or the W + "T-hybridizing sequences 
(2.5 kb), as well as the position of the single copy Hind III 
genomic fragment carrying the Amy32b promoter sequence 
that hybridizes lo *A\ Genomic DNAs were digested with 
Hind \U + EcoR\. Hybridization probes were: panels A and 
D, *G' probe; panels B and C, W probe. Panels A and B show 
DNA from tiller sample 1 of the 6 plants transformed with 
214AM, while in panels C and D the numbers above each lane 
refer lo the tiller samples of the transformants indicated above 
the brackets. Lanes labeled C contain DNA from control 
barley, while C + P indicates control barley spiked with about 
5 copies of 214 plasmid DNA. The arrowhead in 2C5-5 in- 
dicates the posinon of a new, extra hybridizing band. 



nation of Hind III and Eco RI; in the original 
plasmid, these enzymes release a 2.5 kb fragment 
containing the thaumatin marker gene construct 
and a 7.2 kb fragment containing the GUS gene 
construct and the plasmid sequences (Fig. 1). 
Each blot carries a lane with untransformed con- 
trol barley DNA (C), and a lane in which this 
control DNA was spiked with ca. 5 copies of the 
214 plasmid DNA (C + P). Fig. 3A and 3B 
present DNA samples from the first tiller assayed 
from each of the 6 plants hybridized with the 
GUS OG') probe (panel A), and with the Amy32b 
promoter OA') probe (panel B). On the right of 
each panel is the size of the plasmid marker bands 
that hybridized to each probe: 7.2 kb for fc G' and 
2.5 kb for 4 A\ with some hybridization of con- 
laminating plasmid sequences to 7.2 kb. In addi- 
tion, the position of the 3.4 kb Hind III fragment 
in barley DNA carrying the 'A' sequence is indi- 
cated to serve as an internal control. It can be 
seen that DNAs from 1B7, 1H 1 1, 2C3 and 2C5 
had multiple bands that hybridized to XT; in gen- 
eral most bands also appeared to hybridize to *A\ 
with the prominent exception of an ^4.5 kb band 
in 1H1 1, 2C3 and 2C5. When the intensity of *A' 
probe hybridization to the 3.4 kb amylase gene 
internal standard was compared to that of the 
additional bands, 1H11, 2C3 and 2C5 appeared 
to carry multiple copies of the foreign DNA. For 
both probes, the control DNA lacked the extra 
hybridizing bands. Results for hybridizations to 
samples from subsequent tillers removed from 
these plants arc presented in Fig. 3C and 3D: 
panel C, *A* probe, panel D, k G\ Numbers above 
the lanes indicate the tiller samples analyzed; 
these correspond to the numbers in Fig. 2. It can 
be seen that 1B7-2&3, 1H1 1-3, 2C3-3, and 2C5- 
2, 4&5 carried 2.5 kb bands that hybridize to 'A 1 
while 1 H 1 1-5 and 2C3-4&5 lacked any extra 
bands. In addition, hybridization to the 2C5-4&5 
2.5 kb fragments was substantially diminished 
when compared to the intensity of hybridization 
to the 3.4 kb internal standard band, while 2C5- 
5 had an additional hybridizing band slightly 
larger than the 3.4 kb standard (asterisk). When 
this same blot was rehybridized with the *G' probe 
(panel D), it can be seen that 1B7-2&3, and 
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1 H 1 1-3 (which all had bands that hybridized to 
*A*) lacked any ^-hybridizing bands; the pres- 
ence of the expected 'G'-hybridizing sequences in 
the first 1H11 DNA sample serve as a positive 
control. The loss of some hybridizing bands, the 
diminution in intensity of hybridization of some 
bands, and the appearance of new hybridizing 
bands in different tissue samples from the same 
plant all indicated ongoing rearrangements of the 
foreign DNA. 

214AM: second generation. The persistence of 
214AM DNA in multiple tillers of transformed 
plants suggested that it might also persist into 
progeny of those plants. Accordingly, 10 grains 
from the primary tiller on 2C3 were planted; in- 
dividual tillers of the 8 that germinated were stud- 
ied as before; the results are in Fig. 2 for 2C3. 1 1, 
and 13-20. It can be seen that four, 2C3.13, 14, 
16, and 19 lacked hybridizing sequences in tissue 
samples tested, while 2C3.15, 17, and 20 main- 
tained hybridization to some of the probes in some 
samples. Southern blot analysis of 9 DNA sam- 
ples from these plants is presented in Fig. 4A and 
4B; the thaumatin probe (T\ Fig. 1) was used in 
A, and the l G' probe was used in B. The left lane 
(labeled 2C3) contains DNA from the first tiller 
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Hii.4. Hybridization to DNA samples from progem plants 
of 214AM iransformant 2C3. Restriction enzyme digests, 
markers, and controls were as for Fig. 3. Panel A represents 
hybridization with the *T probe, while panel B shows results 
with the 'G' probe. The lane marked 2C3 contains DNA from 
tiller sample 1 of the parent plant, while the numbers above 
the brackets refer to individual progeny plants (2C3.15, etc). 
Numbers above each lane refer to tiller samples obtained from 
those plants. Arrowheads indicate the position of faintly hy- 
bridizing bands. 
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sample from the parent plant, while 15, 17, 19, 
and 20 represent samples from those 2C3 prog- 
eny respectively. The general conclusion to be 
made from these results is that the size and in- 
tensity of hybridizing bands from one tiller in one 
plant rarely, if at all, were the same as those from 
a different tiller from the same plant. Notable 
examples of apparently substantial increases in 
copy number can be seen from the *G' hybridiza- 
tion pattern in 15-5 and 20-3; in the latter the T' 
probe gives similar results. In addition, continued 
generation of discrepancies between hybridiza- 
tion results with the two probes are seen; for ex- 
ample, *T hybridization was absent in 15-1 and 
4, while it was clearly positive for the 4 G' probe 
in those samples. We conclude that continued 
rearrangement and deletion of parts of the foreign 
DNA is present in these progeny plants, and that 
the pattern seen for at least 20-3 must represent 
over-replication of portions of the foreign DNA 
sequences. 

214A-dam: dam methylation only. When 166 
grains from tillers injected with this construct were 
screened with the seed end fluorescent GUS 
assay, no signals above baseline were observed. 
Three embryos from grains that gave very ques- 
tionably positive signals were planted; two tillers 
from each of these three plants were negative by 
Southern blot analysis. While the statistical com- 
parison of this result to that obtained with the 
214A construct did not quite reach the 0.05 level 
(p = 0.68, Table IB), it strongly suggests that the 
presence of N-6-methyladenine residues had a 
major negative effect on transformation efficiency 
and/or stability of the DNA in barley cells. The 
results obtained with 214A-dam were significantly 
different from those obtained with 214AM 
(p = 0.012, Table IB), a result consistent with the 
observed significant difference between 214AM 
and 214 (Table IB). Taken together, these data 
demonstrate that plasmid DNA methylated only 
on C residues at some CG dinucleotides is much 
more stable in barley cells than is plasmid DNA 
carrying some methylated adenine residues, re- 
gardless of whether that plasmid also has dan 
methylation of C residues. 




Expression of the GUS gene 

We hypothesize that we were not able to demon- 
strate Mendelian segregation of the foreign DNA 
in progeny because the transforming DNA se- 
quences were so unstable. This result might argue 
that the foreign DNA was not in barley but, rather, 
was carried in some previously undefined con- 
taminating microorganism. We sought to analyze 
expression of the GUS gene, reasoning that 
proper initiation of transcription on the barley 
a-amylase promoter, and preferred expression of 
the foreign gene in aleurone tissue (similar to the 
regulation of this promoter in barley), would 
strongly support the concept that this unstable 
DNA was in barley itself. We concentrated on 
analysis of the GUS gene primarily because the 
thaumatin sequence did not have convenient re- 
striction sites for SI nuclease experiments and 
because the (G + C)-rich nature of that sequence 
made reverse-transcriptase-PCR analysis diffi- 
cult. 

Nuclease protection with end-labeled probes. In the 
first approach, we performed SI nuclease- 
protection assays on total RNA isolated from 
aleurone layers treated with gibberellic acid (GA 3 ) 
as previously described [18]. Results are pre- 
sented in Fig. 5; at the top is a diagram of the 
probe: a 5' end-labeled 671 bp Bel 1 fragment iso- 
lated from 214A. The cross-hatched box repre- 
sents GUS coding sequences, while the solid box 
represents the a-amylase coding sequence fused 
in frame to GUS. The arrow represents the tran- 
scription initiation site [18]. This probe was de- 
natured and hybridized either to 50 jig of RNA 
from control aleurone layers (C) or from plant 
2C3 transformed with 214AM. The denatured S 1 
nuclease-resistant products were electrophoresed 
on a urea-acrylamide gel and identified by auto- 
radiography. *M' represents end-labeled Msp I 
fragments from pUC19; their sizes are indicated 
with open arrowheads to the right. T' represents 
undigested probe; an empty lane is between C 
and 2C3, and between 2C3 and P. It can be seen 
that only 2C3 has a protected fragment (dark 
arrowhead) indistinguishable in size from the 248 




h'ifi. 5. SI nucleasc-proteetion assay U> identify properly ini- 
tialed GUS transcripts. A 67 1 bp Bd I fragment was isolated 
from 214A, treated with bacterial alkaline phosphatase, and 
end-labeled with y( 1? P]ATI> as described | IS). 100000 cpm of 

> gel purified, denatured probe was hybridized at 42 r C for 8 h 

to 50 //g of total RNA isolated from aleiirone layers incubated 

' for 24 h in the presence of 10 M OA,; aleurone layers were 

from control or from 100 grains randomly selected from those 
produced by 5 tillers from 2 MAM transformanl, 2C3. After 
digestion with 500 u/ml SI nuclease [ IS], the products were 
analyzed on a 5",, acrylamidc/urca sequencing gel and iden- 

* tified by autoradiography for 8 days with an intensifying screen. 

Top: diagram of the probe fragment. The position of the 248 bp 
fragment that would be protected from a transcript properly 
initialed on ihc Amy6-4 promoter [ 18] is indicated. The cross- 
hatched rectangle represents GUS coding sequence, while the 
solid black rectangle represents a-amylasc coding sequence 

s fused in frame to GUS. Bottom: results of autoradiography. 

M = end-labeled Msp I fragments of pUC19; the size of the 

\ fragments is indicated with open arrowheads lo the right. P - 

position of the undigested probe (solid arrowhead to right); C 
- control RNA, 2C3 - RNA from transformanl. There are 
empty lanes between C and 2C3, and between 2C3 and P. The 
position of a ca. 248 bp protected fragment from 2C3 RNA is 

i indicated by a solid arrowhead. 

base fragment expected if the probe was protected 
by a transcript initiated properly on the a-amylase 
promoter. 
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Reverse transcriptase-PCR analysis. Because of 
the low abundance of this transcript and the rel- 
atively limited amount of RNA available from the 
transformed plants, we turned to an alternative 
strategy lo analyze transcripts in other samples. 
The strategy is depicted in Fig. 6, top. We hybrid- 
ized an oligonucleotide (identified by RT, top) 
complementary to the GUS sequence in the tran- 
script to total RNA, and then extended this primer 
with reverse transcriptase. A portion of that re- 
action was then amplified by the polymerase chain 
reaction using a 5' primer positioned exactly at 
the terminus of an authentic transcript and a 3' 
primer positioned just inside the sequence used 
for reverse transcriptase priming; the positions of 
these primers are indicated by arrows that bracket 
the expected 322 bp PCR product. For some con- 
trols, the 5' primer was positioned at ( -204) [18] 
on the amylase promoter (indicated by *->). Equal 
amounts of the PCR products were electrophore- 
sed in a nondenaturing acrylamide gel, transferred 
to nylon membrane, and hybridized with an oli- 
gonucleotide specific for the GUS sequence lo- 
cated immediately adjacent to the a-amylase- 
G U S translational fusion (indicated by T 1 ). Thus, 
a proper 322 bp product hybridizing to this probe 
would be generated only if it contained three dif- 
ferent G US-specific sequences and one a- 
amylase sequence on the same transcript. 

Results are presented in Fig. 6, bottom. 
Lanes 5 and 6 contain the products from equal 
amounts of 2C3-20 aleurone RNA incubated 
without ( - rt, lane 5), or with ( + rt, lane 6) re- 
verse transcriptase. Only lane 6 has a hybridizing 
band of the proper size; this result demonstrates 
that the positive result must depend upon an RNA 
template, and is not caused by PCR amplification 
of some DNA contaminant. No hybridizing band 
was generated when leaf RNA (from tiller 2C3- 
20.5) was used (L, lane 7); similarly, no band 
resulted when RNA from GA-treated control 
aleurone layers was used (CG, lane 8). The ab- 
sence of products in lanes 7 and 8 was not due to 
degraded RNA because a parallel SI nuclease 
protection experiment to assess the abundance of 
the aleurain mRNA (expressed in both leaf and 
aleurone cells [33, 38]) demonstrated the ex- 
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/■iAT.6. Reverse transcriptase (RT)-PCR analysis ol' CiUS 
transcripts expressed in aleurone layers from 2C3.20. For re- 
verse transcriptase primer extension, 50 pmol of oligonucle- 
otide was hybridized to 25 /*g of total RNA from GA-lrcatcd 
aleurone or leaf tissue in 10 /il of 0.4 M NaCI, 40 niM PIPES 
pH 6.5, 1 niM EDTA, 80" o formamidc at 65 C for 4 h, then 
cooled slowly over 30 min to 25 r C. After elhanoi precipita- 
tion, the annealed mixture was incubated in 20 /il buffer [32] 
containing 50/ig/ml aclinomycin D and 50 u AMV reverse 
transcriptase, at 37 f C for 2 h. For PCR amplification, 5 /il of 
the reverse transcriptase reaction mixture was diluted to 
100 /ii in 50 mM KC1, 10 mM Tris-CI pH 8.3. 3 mM MgCk 
containing 0.2 mM of each of the deoxynucleotidc triphos- 
phates, 50 pmol each of the oligonucleotide primers, and 
3-5 u Tag polymerase. Amplification was for 3 cycles of 
94 X-50 °C-72 °C(for 1.5, 2.0, and 1.5 min respectively), 
followed by 27 cycles of 94 c C-60 c C-72 C C. Aliquots of 
10 /il were then clcclrophoresed in a nondenaturing 5?; acry- 
lamidc gel, transferred lo nylon membrane (Gelman Biolrace 
RP) in 0.4 M NaOH, and hybridized with a kinase-labeled 
oligonucleotide probe in 1\ SDS, 0.5 M sodium phosphate 
pH 7.0, 100/ig/ml salmon sperm DNA at 42 °C for 16 h. 
After washing twice in 2x SSC for 15 min at room tempera- 
lure, the filter was washed at 55 C C for 15 min in 2 x SSC; 1 % 
SDS, then exposed for autoradiography. Top: diagram of the 
5' end of the GUS construct; symbols are as for Figs. 1 and 5. 
RT = primers for reverse transcriptase: 5'-TTACGAAT- 
ATCTGCATCGGCGAA-3' (nucleotides 349-317 on Iran- 
script from construct). PCR: The expected product would be 
322 bp generated by a sense-strand primer (5'-ATGCAT- 
CAGTTCTCCATCGTACTC-3 ' from nucleotides 1-24 of 
transcript) and an aniiscnsc-slrand primer (5' -CTG ATCGT- 
TAAAACTGCCT-3' from nucleotides 317-297 on tran- 



pected amounts in each sample (data not pre- 
sented). In order to assess whether properly ini- 
tiated transcripts were responsible for the result 
in lane 6, the remainder of the reverse tran- 
scriptase products used in lane 6 were again tested 
by PCR: half were amplified with the upstream 5' 
primer (*, lane 3) and half were amplified with the 
proper 5' primer (lane 4). These products were 
compared to products from 100 pg of 214 plas- 
mid DNA amplified in parallel (lanes 1 and 2). It 
can be seen, as expected, that approximately equal 
amounts of each of the expected products were 
amplified from the plasmid DNA. In contrast, 
although some larger product was generated from 
the 2C3-20 cDNA (lane 3), the amount of prod- 
uct generated with the proper 5' primer (lane 4) 
was 3-fold greater as assessed by quantitation by 
densitometry. We conclude that some transcrip- 
tion was initiated from improper' upstream sites 
on the foreign gene promoter, but that most was 
likely to result from proper initiation. The 2C3-20 
leaf RNA control excludes artifacts as a cause for 
the 322 bp hybridizing fragment from aleurone 
RNA, but does not adequately address tissue- 
specific expression because this RNA was made 
from the same tiller that showed absence of 
GUS-hybridizing DNA sequences (Fig. 2). 



script). In some experiments, a sense-strand primer (5'- 
GGCTGCAGCCATCTACATCAC-3\ marked with *) posi- 
tioned at nucleotide -204 on the amylase promoter was used. 
The GUS-spccific hybridization probe (marked P 5'- 
GGGTGGTCAGTCCCTTATGT-3' ) was positioned just 3' 
to the amylase-GUS sequence fusion, nucleotides 138-158 on 
the transcript. Bottom: autoradiograph from the blot hybrid- 
ization. M = end-labeled Msp I fragments from pUC19; sizes 
in bp are indicated to the right. Lanes 1 and 2: 10 pmol JR2I4 
plasmid amplified with -204 primer (*) or 1-24 primer re- 
spectively; lanes 3 and 4: cDNA from 2C3.20 aleurone RNA 
amplified with same two sense-strand primers. Lanes 5-8: all 
used 1-24 sense-strand primer. Lane 5: 2C3.20 aleurone RNA 
hybridized with primer extension primer but incubated in the 
absence of reverse transcriptase; lane 6: incubated with re- 
verse transcriptase. Lane 7: leaf RNA from 2C3.20 tiller sam- 
ple 5. Lane 8: control aleurone RNA. The relative amount of 
hybridization to bands in Lanes J -4 was quantilaled with a 
Molecular Dynamics 300A computing densitometer; the rela- 
tive intensity values were: 1.0 (lane 1); 1.2 (lane 2); 1.6 (lane 3)* 
4.9 (lane 4). 
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!•))>. 7. KT-PCR to compare abundance of GUS transcripts 
in aleurone and leaf tissue from 2C3.20. Methods were the 
same as for Fig. 6, except that each primer extension reaction 
contained three different primers: one for GUS (Fig. 6), one 
for aleurain (nucleotides 505-489 1 30], 5'-TGACGATC- 
CCATCCTCCO'), and one for PAPI (nucleotides 438-418 
1 201, 5 ' -AGCTTG ACGG ATCGTCGCTCA-3 ' ). For PCR, 
equal aliquols from the cDNA reaction were used in three 
separate lubes to amplify the three different products. For 
GUS, primers and hybridization probes were as in Fig. 6. For 
aleurain. the sense- strand primer was 5'-GGAGGAG ITC- 
CAGGCG-3 (nucleotides 378-393), the antisense-strand 
primer was the 505-489 oligonucleotide and the hybridization 
probe was 5'-CCCTCCAGTCTITGGTCT-3' (nucleotides 
490-472). For PAPI, the sense-strand primer was 5 -GACC1 - 
CCACGAG1TGCTCATCAC-3' (nucleotides 1-23), the 
antisense-strand primer was thc43K-4l8 oligonucleotide, and 
the hybridization probe was 5 ' -Tl'CTACTTGCTGTCA AC- 
CTGGCCG-3 (nucleotides 176-153). Panel A: quantitation 
of aleurain mRNA levels in different tissues. Three different 
alcuronc RNA preparations and 4 different leaf RNA prepa- 
rations were used; for alcuronc preparations 2 and 3, RNA 
was from layers incubated in the absence of hormone (0) or 
in the presence of GA for 24 h ( + ) while preparation 1 was 
from only GA-lrcated layers. Panel B: quantitation of GUS 
transcripts in different tissues. *0* and * + " refer to RNA from 
alcuronc layers incubated in the absence or presence of GA, 
respectively. For each 2C3.15 (lanes 3 and 4) and 2C3.20 
(lanes 6 and 7), layers were prepared from 100 grains; each 
aleurone layer w as divided in half so that the tissue incubated 
without hormone was genetically identical to that incubated 
with GA. The 2C3.20 RNA used here was a separate prep- 
aration from that used in Fig. 6. Lane 5 represents RNA from 
2C3.15 tiller sample 5. Lane 8 used the same cDNA as in 
lane 7 t but the PCR amplification was performed with the 



Quantitative estimates of foreign gene expression in 
aleurone and leaf tissues. We first established that 
our reverse transcriptase-PCR conditions would 
allow reasonable comparisons of mRNA abun- 
dance in different preparations, and then we used 
this assay to compare the level of expression of 
the foreign gene in aleurone tissue from progeny 
plant 2C3.15, and in leaf tissue (tiller sample 5) 
where DNA sequences hybridizing to the *G' 
probe were detected (Fig. 4B). In each experi- 
ment, the initial primer extension reaction in- 
cluded both a primer specific for GUS, and at 
least one other primer that would hybridize to an 
internal standard mRNA. The cDNA products 
of this reaction were then divided into equal por- 
tions and the foreign gene and internal standard 
products were amplified separately using PCR. 
To establish the validity of the approach, we first 
used primers specific for the mRNA for aleurain, 
a thiol protease mRNA that is GA-regulated in 
aleurone cells but also expressed in leaf tissue 
[33]; results are presented in Fig. 7 A. Three sep- 
arate preparations of aleurone layer RNAs (la- 
beled 1-3) and four separate leaf RNA prepara- 
tions (labeled 1-4) were used. For two of the 
aleurone preparations (2 and 3), RNA was pre- 
pared both from untreated layers (0) and from 
layers treated with GA( + ); for each of these pairs, 
it can be seen that GA-treatment increased the 
abundance of aleurain approximately 5-10-fold 
as expected [18, 28, 33]. The abundance of aleu- 
rain mRNA in GA-treated aleurone layers is 
about 5 times greater than in leaf [33, 38]; al- 
though there is variation between individual sam- 
ples, it can be seen in Fig. 7A that the assay mea- 
sures greater amounts of aleurain mRNA in the 
+ G A aleurone samples as a group, as compared 
to the group of four leaf samples. We therefore 



aleurain sense-strand primer and the GUS antisense-strand 
primer. Panel C: PAPI and aleurain internal standards. Left: 
the 438 bp PAPI product was amplified from cDNAs used in 
lanes 1-4, 6, and 7 in Panel B to ensure that the RNA prep- 
arations and cDNA synthesis reactions were intact. Right: the 
128 bp aleurain product was amplified from cDNAs used in 
lanes 4 and 5 to allow a quantitative comparison of the results 
shown in Panel B. 
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conclude that this assay provides a reasonably 
quantitative estimate of mRNA abundance. 

In Fig. 7B are presented results measuring the 
relative abundance of GUS mRNA in control 
aleurone layers (C, lanes 1 and 2), in aleurone 
layers from 2C3.15 (lanes 3 and 4) and 2C3.20 
(lanes 6 and 7) and in 2C3.15 tiller sample 5 
(lane 5). Each aleurone layer within a set had 
been divided in half; each set therefore contained 
two identical parts, one of which ( + ) was incu- 
bated in the presence of G A. It can be seen that 
the controls were negative, while GUS RNA was 
detected in both 2C3.15 and 2C3.20 aleurone 
preparations where its abundance was not 
affected by GA treatment. The specificity of this 
result is further illustrated in lane 8 (*); this PCR 
reaction used the same substrate as that in lane 7, 
but the 5' primer was for aleurain while the 3' 
primer was for GUS. Although GUS RNA was 
present in 2C3.15-5 tiller RNA, its abundance 
was substantially less than that in aleurone RNA 
from the same plant. Internal standards for these 
samples are presented in Fig. 7C; primers for both 
PAPI (an aleurone-specific mRNA whose abun- 
dance is not changed by GA-treatment [23]) and 
for aleurain had been included in the reverse tran- 
scriptase reaction. In the panel on the left, PCR 
primers were specific for PAPI; the presence of 
similar amounts of the 438 bp product demon- 
strate that the control RNA preparations were 
intact. In the panel on the right, PCR primers 
amplified the 128 bp aleurain product; it can be 
seen that the amount of this product from the leaf 
RNA (lane 5) was the same or greater than that 
from the G A-treated aleurone RNA (lane 4). This 
result ensures that the difference in abundance of 
GUS transcripts detected in Fig. 7B was not the 
result of degraded or inadequate amounts of leaf 
RNA. 



Discussion 

Our data demonstrate transformation of cells in 
barley plants. Although the foreign DN A was un- 
stable as judged by substantial variation in the 
presence of hybridizing restriction fragments 



among different tissue samples from the same 
plant, in the sizes of those fragments, and in their 
abundance within different tissues of the same 
plant, this DNA must have been associated with 
a centromere for much of its existence because 
otherwise free plasmid DNA would not have seg- 
regated properly to daughter cells and would have 
been diluted out and lost through the millions of 
cell divisions that accounted for two generations 
of plants. Plants where one tiller carries foreign 
DNA and another does not are chimeras, but we 
suggest that such chimerism may be due to loss 
of the DNA from meristematic cells by mecha- 
nisms that could also account for the extensive 
rearrangements that were demonstrated (see 
below). The plant literature equates transforma- 
tion with stable chromosomal integration of the 
test gene [30]. This concept is based primarily 
upon the fact that standard transformation strat- 
egies use selectable markers; thus, only plants 
where the marker gene is continuously present 
and functional would survive selection. In con- 
trast, our strategy allowed us to follow DNA se- 
quences that were of no advantage to the plant. 
It is well established that DNA sequences may 
over-replicate and recombine and shuttle between 
extrachromosomal and chromosomal locations in 
higher eukaryotic cells; these processes arc char- 
acteristic of gene amplification in mammals [8], 
and it is very probable that similar processes are 
used by plant cells' There are data suggesting that 
extrachromosomal DNA is generated by replica- 
tion from parts of the nuclear genome during dif- 
ferentiation of meristematic root-tip cells in Pisum 
sativum [19], In addition, sorghum suspension 
culture cells transformed to hygromycin- or 
kanamycin-resistance have been shown, in some 
instances, to carry extrachromosomal plasmids 
derived from the introduced transforming DNA 
[5]. Thus our finding that transforming DNA was 
unstable in barley is not without precedent. 

Could the foreign DNA exist in a contaminat- 
ing 'endophyte' [30] and not in barley cells? There 
are strong arguments against this possibility. 
Firstly, the genes had no selectable advantage for 
any organism; thus there is no apparent reason 
for a lower eukaryote or prokaryote to have in- 



corporaled and maintained them. Secondly, the 
amylase promoter-GUS reporter construct was 
transcribed properly in purified aleurone tissue 
from the barley promoter (as assessed both by S 1 
nuclease protection assays and by reverse tran- 
scriplase-PCR assays), and gave higher steady- 
stale mRNA levels in aleurone tissue as com- 
pared to green tissue. Thus, an 'endophyte'' would 
have to be able to use a barley promoter correctly 
and would have to be more abundant in aleurone 
layers than in leaf tissue. This possibility seems 
very remote. 

Our data demonstrate that the slate of melhy- 
lation of plasmid DNA used in transformation 
experiments had a major effect on, and perhaps 
even determined, the transformation efficiency 
and/or the stability of the DNA within barley 
cells. We found that the mcthylation pattern of 
the marker genes in the primary transformants, as 
judged by Southern blot analysis of genomic 
DNA digested with different methylation-scnsi- 
tive restriction enzymes, corresponded to that 
found in the plasmid DNA used for transforma- 
tion (data not presented). Specifically, the pres- 
ence of N-6-melhyladeninc within the sequence 
GATC was strongly associated with a low trans- 
formation efficiency and with instability of the 
construct within plant cells, while the absence of 
N-6 methyladeninc and the presence of some 
deoxycytidine mcthylation (nvC) at CG dinuclc- 
otides was associated with a high transformation 
efficiency (ca. 4° w ) and much greater stability of 
the DNA, such that it was transmitted to the 
second generation and was transcriptionally ac- 
tive in aleurone layers of those plants. Although 
this is the first direct suggestion that DNA mcth- 
ylation in higher plants may play an important 
role in protecting parts of the plant genome from 
deletion, a number of previous observations in the 
literature are consistent with this hypothesis. 

First, it is important to note that higher plants 
have a very high degree of methylation of deox- 
ycytidine residues, ^30%, distributed between 
CpG and CpXpG sequences [15]. As in verte- 
brates, m s C is distributed in a non-uniform pat- 
tern, with active genes being localized in relatively 
hypomethylated *CpG islands' [1]. At least in 
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maize, however, deoxycytosine methylation does 
not appear to regulate tissue-specificity of expres- 
sion, since genomic sequencing of a maize alco- 
hol dehydrogenase gene in leaf tissue, where it is 
completely silent, demonstrated no nv s C in 900 bp 
5' to the ATG [27]. Higher plants have an added 
complexity, however; N-6 methylation is present 
on about 5% of deoxyadenosine residues [26, 37], 
and a substantial part of that is present in the 
nuclear genome [25]. The latter authors observed 
that transcriptional activity of nuclear genes for 
photosynthetic proteins was increased in suspen- 
sion culture cells when the cells were treated with 
inhibitors that decreased the amount of d A and 
dC methylation. Thus, dA or dC methylation may 
have effects on gene transcription in some higher 
plant cells. 

Other authors have observed that loss of ac- 
tivity of transposable elements in maize correlates 
with an increase in m 5 C within those elements 
[7, 35]; the state of methylation of dA residues 
was not determined in those studies. While these 
results could be explained by methylation-induced 
suppression of transposase gene transcription 
from these elements [35], it is also possible that 
mcthylation could interfere in some way with the 
physical structure of the transposon itself, thereby 
altering its ability to replicate and/or to be ex- 
cised. In this regard it may be important that 
mcthylation of dA and dC residues has significant 
effects on supercoilcd plasmid sequences; the rate 
of cruciform extrusion was enhanced 4-fold by 
dA methylation, while dC methylation decreased 
the rate by about 2-fold [24]. These results sug- 
gest that both dA and dC methylation could sub- 
stantially alter the topography of a supercoiled 
domain in plant cell chromatin; such effects might 
well influence the efficiency with which recombi- 
nation or interaction with proteins such as trans- 
posases could occur. There are good examples 
showing that the presence of m 5 C may have both 
negative and positive effects upon DNA/protein 
interactions. In mammalian cells, m 5 C apparently 
interferes with protein binding at AP-1 and oc- 
tamer binding sites [36], whiie other studies show 
that there are proteins that specifically interact 
with m 5 C in mammalian cell nuclei [2, 20]. 
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In addition, studies in the protozoan Tetrahy- 
mena thermophila demonstrate that N-6 methy- 
ladenine is used to mark specific DNA se- 
quences within a compartment. In this organism, 
DNA within the germ line micronucleus is unm- 
ethylated, while DNA within the somatic macro- 
nucleus contains N-6 methyladenine; the latter 
pattern .s established de novo when a new 
macronucleus develops following conjugation 
K 16]. Interestingly, a highly specific subset of 
rDNA genes is methylated. A monomeric form 
found in the newly developed macronucleus that 
persists for several generations before being lost 
is not methylated, while the genes present on the 
stable palindromic dimers are methylated [4] Our 
data provide an experimental basis, and these 
examples provide a precedent upon which we base 
the hypothesis that methylation patterns affect 
the stab.hty of foreign DNA in barley. The hypo- 
thesis requires that DNA having a methylation 
pattern different from that of barley genomic is 
recognized and gradually lost from the dividing 
pool of meristemalic cells from which new differ- 
entiated tissue develops. It is consistent with the 
results of Antonelli and Stadler [3] who showed 
that maize genomic DNA carrying an antibiotic 
resistance gene is orders of magnitude more effi- 
cient than plasmid DNA isolated from E. coli in 
transforming maize suspension culture cells 

The high frequency with which we obtained 
transformed grains from injected tillers, coupled 
with the observations of others that Agrobacte- 
nun, can readily transfer DNA into maize and 
other cereals [9, 12], indicate that it is relatively 
easy to introduce foreign DNA into the cells of 
cereal plants. Under these circumstances it is rea- 
sonable to hypothesize that the plants would have 
evolved a system to protect their genomes from 
deleterious mutations induced by frequent inser- 
tions of foreign DNA. Monocotyledonous plants 
especally the cereals, have an unusual genome 
organization where structural gene sequences (ex- 
cept for those for endosperm storage proteins) are 

i u +< ?" rich [22 ' 23 ' 38 J- < This f ^ture is 
shared by the thaumatin coding sequence but not 
the GUS sequence.) A detailed analysis of dC 
methylation within these genes has not been re- 



ported but logically would accompany a concen- 
tration of dC residues; our results with methyla- 
tion-sensitive enzymes in other work (data not 

t°H Wn ™ d A iCa / e th3t 31 ,CaSt SOme are m «hyl- 
ated DNA from an invading microorganism 
would not be likely to share either this pattern of 
, C) „ content or methylation typical of higher 
plants. Perhaps this would explain why the thau- 
matin sequence appeared to be more stable than 
the OUS sequence in our experiments. These dif- 
ferences may provide clues that will help to iden- 
tify the specific mechanisms responsible for in- 
stability of foreign DNA in our system. 
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